Abstract -Bovine herpesvirus 1 (BoHV-1), classified as an alphaherpesvirus, is a major pathogen of cattle. Primary infection is accompanied by various clinical manifestations such as infectious bovine rhinotracheitis, abortion, infectious pustular vulvovaginitis, and systemic infection in neonates. When animals survive, a life-long latent infection is established in nervous sensory ganglia. Several reactivation stimuli can lead to viral re-excretion, which is responsible for the maintenance of BoHV-1 within a cattle herd. This paper focuses on an updated pathogenesis based on a molecular characterization of BoHV-1 and the description of the virus cycle. Special emphasis is accorded to the impact of the latency and reactivation cycle on the epidemiology and the control of BoHV-1. Several European countries have initiated BoHV-1 eradication schemes because of the significant losses incurred by disease and trading restrictions. The vaccines used against BoHV-1 are described in this context where the differentiation of infected from vaccinated animals is of critical importance to achieve BoHV-1 eradication.
INTRODUCTION
Büchner and Trommsdorf described in Germany during the 19th century the "Bläschenausschlag" (coïtal vesicular exanthema), a cattle disease probably caused by bovine herpesvirus 1 (BoHV-1). The viral etiology was demonstrated in 1928 by Reisinger and Reimann, who transmitted this venereal disease by a filterable agent. The manifestations of BoHV-1 infections known as "infectious pustular vulvovaginitis" (IPV) in cows and "infectious pustular balanoposthitis" (IPB) in bulls were confined to the genital organs until the early nineteen-fifties. At this time, a respiratory form arose in North American feedlots. This more severe disease due to BoHV-1 infection was called "infectious bovine rhinotracheitis" (IBR) [176] . IBR rapidly spread to Europe when North American dairy cattle were imported in order to improve the milk production performance in Europe.
All BoHV-1 strains isolated hitherto belong to one single viral species, and are classified in three subtypes BoHV-1.1, BoHV-1.2a and BoHV-1.2b. Although most BoHV-1.1 strains have been isolated from respiratory tract diseases or abortion cases and BoHV-1.2 strains from genital organ lesions, the only reliable distinctive criterion is the viral DNA analysis by restriction endonuclease fingerprinting [45, 128, 137] . Indeed, calves infected experimentally by the nasal route with BoHV-1.2 strains showed respiratory clinical signs [44, 190] and were able to transmit the respiratory infection to control calves [44, 188] . Otherwise, reproductive tract lesions in heifers were observed after intrauterine inoculation with BoHV-1.1 [134] . Subtypes 1.1 and 1.2a have been associated with severe diseases including infection of the fetus and abortion [137] . The subtype 1.2b was not associated with abortion [43, 187, 216] .
BoHV-1 is responsible for significant losses incurred by disease and trading restriction in the cattle industry [14] . Therefore, control programs were rapidly developed after the occurrence of IBR in North American herds. Pending on the level of seroprevalence toward BoHV-1, eradication programs are based either on the detection and the culling of seropositive animals, or on the repeated vaccination of infected herds [2] . Because of the inability of vaccines to prevent BoHV-1 infection and the establishment of latency, BoHV-1 control programs may last for a long period before completing the eradication of this well adapted virus infection of cattle.
DESCRIPTION OF THE CAUSATIVE AGENT OF IBR
BoHV-1 is one of the eight herpesviruses isolated hitherto from naturally infected cattle (Tab. I). All members of the family Herpesviridae share a common virion morphology based on an icosahedral capsid symmetry, a cell-derived envelope containing virally encoded membrane proteins and a tegument as protein made matrix connecting the capsid and the envelope. BoHV-1 belongs to the extensive subfamily of Alphaherpesvirinae which contains viruses characterized by a relatively large host range, a short replication cycle and the ability to induce latent infection mainly, but not exclusively, in neurons. Within the Varicellovirus genus, BoHV-1 is related but distinct from several other herpesviruses infecting ruminants. The BoHV-1 genome is made of a long double-stranded linear DNA molecule arranged as a class D genome (Fig. 1 ). The total size is 135.3 kilo base pairs (kpb). Class D genomes comprise two unique sequences, a unique long (U L ) and a unique short (U S ). The latter is bracketed by inverted internal (internal repeat, IR) and terminal (terminal repeat, TR) repeated sequences. During DNA replication, both the U L and the U S regions can flip-flop relative to the other unique region, generating consequently four isomeric forms of the viral genome within the concatemeric DNA [181] . However, a selection process favors the U L sequence in the prototype orientation at the level of the cleavage of concatemeric DNA. Therefore, the U L is predominantly fixed in one orientation in BoHV-1 virions. Virion DNA include equimolar amounts of two isomers differentiated by the inversion of the S segment ( Fig. 1) . Despite a guanine and cytosine (GC) content as high as 72%, the entire BoHV-1 sequence was already completed by an international cooperation project in 1995 [91, 107, 130, 178, 179, 186, 213] (Genbank accession number AJ004801). This useful database is a composite sequence obtained from different BoHV-1 strain backgrounds. A total of 73 open reading frames (ORF) have been clearly identified. The majority of the BoHV-1 gene repertoire consists of ORF that are homologous to genes found in other alphaherpesviruses and are generally labelled to the related genes described in the prototype herpes simplex virus 1 (HSV-1). In contrast, one gene is specific to BoHV-1 (UL0.5), whereas some others (e.g. circ gene) are peculiar to the Varicelloviruses [33] . The BoHV-1 genome encloses ten genes encoding glycoproteins (Fig. 1) . Among them, six are in the U L , gK (UL53), gC (UL44), gB (UL27), gH (UL22), gM (UL10), gL (UL1) and the four remaining ones are in the U S , gG (UL4), gD (UL6), gI (US7) and gE (US8). UL49.5 can be considered as a false glycoprotein. Indeed, the protein encoded by UL49.5 is not glycosylated in BoHV-1 while it is in other and a short one (U S ). The latter is flanked by two repeated and inverted sequences (internal repeat, IR; terminal repeat, TR). DNA replication generates equimolar amounts of two main isomers that differ by the relative orientation of U S and U L segments (horizontal plain arrows); the latter is predominantly observed in a single orientation. However, low amounts of genome with inverted L segment are observed in BoHV-1 virions (horizontal hatched arrow). The location of the 10 genes encoding BoHV-1 glycoproteins is indicated by black arrow heads. The vertical black bar indicates the junction observed after genome circularization. (B) Schematic view of the two immediate early transcription units (IEtu-1 and -2) whose promoters are located in IR and TR. Activation of the promoter of IEtu1 located in IR leads to the transcription of the BICP4 and BICP0 genes while the activation of the promoter of IEtu1 located in TR leads to the transcription of the BICP4 and circ genes. IEtu2 promoter activation leads to the transcription of the BICP22 gene. (C) Localization of the BoHV-1 region that is actively transcribed during latency giving rise to the Latency Related Transcript (LRT).
alphaherpesviruses (and known as gN).
Nevertheless, it has a conserved function and forms a disulfide-linked heteroduplex together with gM [115, 224] . All BoHV-1 genes are classified into two main categories based on the impact of deletion of a single gene on the ability of mutant virus to grow in cell culture. Nonessential genes are those that allow further growth at least in vitro of the corresponding deletion mutant. Essential genes are genes whose deletion leads to a lethal non replicative BoHV-1 mutant. The classification of a BoHV-1 protein as essential or non-essential is not always definitive and not necessarily conserved in related alphaherpesviruses. Under selective conditions, the function of BoHV-1 gD in direct cell-to-cell spread and entry can be compensated for by mutations in other viral proteins [111, 174, 175] . Moreover, gD is considered as essential in BoHV-1 while it is not encoded by Varicella-Zoster Virus (VZV) and it is not essential in Marek's disease virus (MDV). On the contrary, gE is known as a non essential protein in BoHV-1 [6, 142, 162] while it is essential in VZV [119] .
BoHV-1 REPLICATION IN THE CELL
BoHV-1 infection of permissive cells is initiated by a three steps entry process. The first interaction involves low affinity virus attachment between gB and/or gC to cell surface structures like heparan sulfate sugar moieties [109, 110, 113, 151, 152] . This is followed by the stable binding of BoHV-1 gD to cellular specific receptors. An extended array of receptors has been identified as potential targets for gD interaction in different alphaherpesviruses [22] . Although this large repertoire includes at least four classes of molecules, only nectin-1 (a member of the immunoglobulin superfamily) was demonstrated to serve as entry receptor for BoHV-1 [56] . After this high affinity interaction between gD and cell receptors, the subsequent virus penetration occurs by fusion of the virion envelope with plasma membrane. This crucial process requires at least the involvement of four BoHV-1 glycoproteins: gD [111, 114] , gB [58] and the heterodimer formed by gH and gL [131] .
Once they have entered the cytosol of a cell, BoHV-1 virus particles must be transported by using dynein motor complex associated with microtubules toward nucleus pores in order to permit viral DNA release. This centripetal cytoplasmic transport in association with microtubules was shown in HSV-1 infected cells and is most likely conserved in alphaherpesviruses [41] . However, the virus protein(s) that mediate(s) this transport is (are) still unknown but is (are) expected to be either viral tegument proteins, or a surface component of the capsid itself [4, 165] .
While the virus particle is transported to the nucleus, tegument proteins are shed in the cytosol of the infected cell where they might play important roles at early times of virus infection because they are the first to encounter and interact with the intracellular environment. VP8 is the most abundant tegument protein of BoHV-1 [25, 205] . It localizes in the nucleus immediately after infection thanks to a nuclear localization signal [227] . However, the exact role of VP8 in virus infection is still unclear. The tegument protein encoded by UL41 is known as the virion host shutoff (vhs) protein of BoHV-1. Conserved in other alphaherpesviruses, it causes a rapid shutoff of host cell protein synthesis in BoHV-1 infected cells [76, 95] . Another important tegument protein is VP16 (virion protein 16) known as BoHV-1 α-TIF (transinducing factor of alpha genes). It is responsible for the initiation of BoHV-1 gene expression by transactivating BoHV-1 immediate early (IE) genes (alpha genes). BoHV-1 gene expression is temporally regulated during the infection. The cascade of gene expression includes three gene expression kinetics, giving rise to successively IE, early (E), and late (L) RNA [221] . They encode proteins involved respectively and mainly in the regulation of the viral cycle, in the replication of the viral DNA and in the morphogenesis of new virions.
Together with the initiation of gene expression, the BoHV-1 genome is thought to circularize once it enters into the nucleus [50, 53] . This concept is based on cumulative observations reporting that end-joining genomes were observed in cells infected by several related alphaherpesviruses as for example by HSV-1 [53, 161] , VZV [92] and pseudorabies virus (PrV) [85] .
The transcription of IE genes is initiated by a complex of VP16 and cellular proteins; the complex binds to a TAAT-GAGCT motif which is located in the promoter sequences of the two IE transcription units (IEtu1 and IEtu2) of BoHV-1 ( Fig. 1 ) [138, 139, 222, 223] . IEtu1 encodes BICP0, BICP4 [87, 178] . Circ, a less abundant transcript, arises from the activation of IEtu1 promoter across the junction of circularized genome and is expressed throughout the viral cycle [50, 51] . IEtu2 encodes BICP22. BICP0 is not essential but plays important roles for productive infection because it activates all viral promoters and it is expressed at high levels throughout infection [55, 94, 223] . Although the precise mechanisms of action of bovine IE proteins are not yet completely established [87, 171, 172] , the three major IE proteins (BICP0, BICP4, and BICP22) activate E gene expression, and viral DNA replication follows.
The HSV-1 model for herpesvirus DNA replication postulates that the circular genome serves as a template for a first round of theta replication starting from sequences known as origins of replication (ori) [195] . A recent study predicted more precisely the existence of two ori within the inverted repeated sequence surrounding BoHV-1 U S [29] . By an unknown mechanism, the theta bidirectional replication step would switch to the rolling circle mode of replication to produce concatemeric DNA. The concatemer is made of a chain of newly synthesized DNA genomes fused in a head-to-tail arrangement [84] . The structure resulting from DNA replication is even more complex because it contains frequent branches. These branched structures are most likely generated by recombination and were observed in concatemeric DNA of HSV-1 [7, 8, 183, 184] and BoHV-1 [181] . Another consequence of the recombination process was detected in BoHV-1 concatemeric DNA. Indeed, four possible arrangements of the adjacent U L segment were observed in concatemeric DNA whereas the U L of infecting virions is predominantly fixed in one orientation. It is postulated that the sequence inversions are produced by recombination between the IR and the TR surrounding U L and U S in the concatemeric DNA [181] .
A first wave of late gene expression (early late genes) is initiated during the DNA replication. The second wave (true late genes) is fully dependent on the DNA synthesis. The structural components encoded by L genes are required for the synthesis of the new progeny viruses. Assembly of the herpesvirus virion is a complicated process that proceeds along an ordered morphogenetic pathway. Initially the capsid shell proteins assemble in a scaffold-mediated fashion to form an intermediate particle within the nucleus. During maturation, the internal protein scaffold is cleaved and is displaced from inside the capsid as the DNA genome is packaged. Indeed, high-molecular-weight concatemers are cleaved into unit-length genomes by a complex mechanism that is tightly coupled to DNA insertion into the preformed capsid structure. Numerous viral proteins are involved in this cleavagepackaging process and have been reviewed elsewhere [180] .
How alphaherpesvirus mature capsids leave nucleus to gain secretory vesicles and how they get their final envelope is a matter of debate. The current view of egress and maturation of alphaherpesviruses proposes a three step model [63, [124] [125] [126] [127] . In this model, the primary envelope is acquired by the budding of DNA-containing capsids through the inner nuclear membrane. In order to gain access to the cytoplasm, the virions operate a fusion of their primary envelope with the outer nuclear membrane. A viral kinase activity encoded by US3 is required for this de-envelopment since US3 deletion mutants of HSV-1 [164] , PrV [93] , and MDV [177] accumulate in the perinuclear space. Once translocated into the cytoplasm, naked capsids definitively acquire their mature tegument and secondary envelope by budding into a presumably trans Golgi compartment [126] . This model of virion maturation and egress was challenged by two alternative routes. The first alternative way involves primary envelopment at the inner nuclear membrane followed by intra-luminal transport through the endoplasmic reticulum and Golgi apparatus secretory pathway [108, 169, 218] . The second alternative route of egress involves the dilation of nuclear pores resulting in direct access of capsids to the cytoplasm. Naked capsids would acquire their envelope by budding at any cell membrane [108, 218] . Several electron and confocal microscopic observations favoring this route of egress in BoHV-1 [218] and in HSV-1 [108] infected cells emphasize the need for further study in elucidating alphaherpesvirus egress.
BoHV-1 PATHOGENESIS

Entry and tropism
Natural portal of BoHV-1 entry is the mucous membrane of either upper respiratory or genital tracts. Infection can also be transmitted through inoculation of the conjunctival epithelium. Direct nose to nose contact is the preferential way of transmission of BoHV-1. However, airborne transmissions by the aerosol route were demonstrated on short distances [120] . Genital infection requires direct contact at mating. Genital transmission also occurs through virus contaminated semen [98] . Because of the cryopreservation of the virus infectivity, bulls used for artificial insemination are required to be free of BoHV-1.
To date, there is no molecular basis supporting the tropism of BoHV-1 for genital or respiratory epithelial cells. Although gC is the candidate protein to interact firstly with the host cells [109, 110, 112, 113, 151, 152] , its function in BoHV-1 pathogenesis is not elucidated. Whereas gC expression was shown as a major determinant for viral replication in the skin and plays a critical role in the virulence of human alphaherpesvirus VZV [140] , gC is not essential for BoHV-1 infectivity. Moreover, BoHV-1 gC mutants retain virulence in the natural host [89] . However, gC may contribute to the differences observed in BoHV-1 subtype tropism. Indeed, differences between HSV-1 gC and HSV-2 gC were shown to influence viral binding properties of the two viruses and could contribute to serotype differences in cell tropism in humans [57, 74] . Thus, it can reasonably be postulated that variations detected in the gC of BoHV-1.1 and -1.2 [166, 191] may account for tropism changes that occurred in strains causing the shift from IPV towards IBR. It is important to specify that these differences are not exclusive because IPV strains inoculated experimentally were able to replicate in the nasal epithelium [44, 188] whereas IBR strains were shown to replicate efficiently in the genital epithelium [134] .
Replication at the mucosal portal of entry
Once penetrated into the target epithelial cells, BoHV-1 sets up the lytic replication cycle. It corresponds to the sequential expression of viral genes and leads both to the production of new progeny viruses and to cell death. The BoHV-1 cytopathic effect (CPE) is characterized by the cell ballooning and the rise of intranuclear inclusions. The cell death results both from necrosis and apoptosis processes during the BoHV-1 replication cycle. First evidence of necrosis induced by herpesviruses was shown in HSV-2 infected cells as early as in 1978. It was demonstrated to result from the inhibition of the proteosynthesis [49] . In BoHV-1 infected cells, the cellular protein synthesis is shut off in part by the vhs tegument protein [76, 95] . By analogy to the HSV-1 UL41 encoded protein, the latter is supposed to degrade mRNA preexisting in the target cell [48, 99] . Several studies were devoted to the regulation of apoptosis during productive BoHV-1 infection. In a first series of experiments, the effect of BoHV-1 infection was assessed on fresh peripheral blood mononuclear cells (PBMC). Live but also inactivated BoHV-1 induced PBMC apoptosis, suggesting that a structural component of BoHV-1 has the capacity to activate the apoptotic process [68] . Moreover, only the attachment of BoHV-1 was able to induce programmed cell death [69] . Glycoprotein D was shown to be involved in this BoHV-1 induced apoptosis [70] . Since PBMC are not the primary target cells of BoHV-1, this model of BoHV-1 induced apoptosis might not reflect the fate of epithelial cells. An immediate onset of apoptosis would decrease BoHV-1 replication at the entry site and prevent therefore its spread. It was also demonstrated that caspase 3, a key regulatory protein in the apoptotic pathway, is activated late during productive BoHV-1 infection [35, 118] . BICP0 probably participates in this delayed induction of apoptosis by an indirect mechanism that stimulates caspase 3 cleavage [72] .
After its participation in direct CPE, BoHV-1 may also reduce the repair of the airway epithelium by inhibiting the migration of new epithelial cells to injured areas.
In an in vitro model, BoHV-1 infection had marked effects on the interactions of bronchial epithelial cells with the extracellular matrix, thus decreasing the cell migration [192] .
Dissemination and spread
BoHV-1 infection at the natural portal of entry results in massive virus production. New progeny viruses are shed in the nasal mucus at high excretion titers and are responsible for the rapid dissemination of the infection within a cattle herd. The basic reproduction ratio (R0) is a threshold value describing infection dynamics in a population. This parameter is defined as the average number of secondary cases generated by one primary case in a wholly susceptible population of defined density. In experimental conditions, R0 was estimated to be at least 7 in a dairy cattle herd [65] . The new progeny also spreads into the infected animal by using the local dissemination, the systemic spread by viremia and eventually the neuroinvasion [46] .
Local dissemination
Two different ways allow spreading of the new BoHV-1 generation in the infected mucosa. First, the viruses released in the extra-cellular medium are fully enveloped particles able to interact with the receptors of susceptible cells. Otherwise, viral particles can directly spread from an infected cell to neighboring uninfected cells (direct cell-to-cell spread, ctcs). This way of dissemination is advantageous because it still occurs in the presence of neutralizing antibodies in the extra-cellular medium [6, 162] . Glycoproteins gB, gD, and gH/gL are required for the ctcs, whereas gG and the heterodimer formed by gI/gE promote the direct ctcs in the prototype alphaherpesvirus HSV-1 [36, 37] . BoHV-1 gE and gG function independently from each other in ctcs; indeed, an additive effect on plaque formation was observed in the gE/gG double deletion mutant [201] .
Systemic spread by viremia
BoHV-1 may spread in the host by viremia, gaining access to a broader range of tissues and organs and causing other clinical manifestations [225] as for example abortion in pregnant cows [136, 137] and fatal systemic infection in very young seronegative calves [18, 75, 88, 123] . Very little information is available regarding the mechanism of BoHV-1 systemic spread. Following an intranasal inoculation of a highly virulent BoHV-1 strain, virus was isolated for several days from sera of infected calves, indicating a putative cell-free viremia in some circumstances [88] . Although the cell-associated viremia was extensively described in equine herpesvirus 1 (EHV-1) [3, 202] and PrV [147, 148] natural infections, this could barely be demonstrated in BoHV-1. Peripheral blood leukocytes were shown in vitro to support BoHV-1 infection and a limited virus replication [68, 150] , but there is only one univocal report concerning the isolation of infectious BoHV-1 from bovine blood buffy coat after a nasal infection [27] . The positive results in virus isolation attempts obtained on blood buffy coats in several experiments performed by Miller and Whetstone must be carefully interpreted [136, 137, 216, 217] . Rather than using the natural portal of entry to assess BoHV-1 pathogenic properties, the authors introduced an important bias by using the intravenous route in these series of experiments [136, 137, 216, 217] .
Finally, the presence of BoHV-1 in peripheral blood leukocytes was supported by PCR assays aiming at the detection of BoHV-1 DNA in naturally infected cattle [52, 144] . However, the results obtained in these studies do not correlate with any positive virus isolation assay. Further studies are needed to define the time window after infection during which BoHV-1 can be detected in peripheral blood leukocytes and to identify eventually the preferential target leukocyte subset used by BoHV-1 for systemic spreading.
Neuroinvasion
During the primary virus replication occurring in the mucosal surfaces, BoHV-1 is thought to infect neurons via nerve endings in the mucosae and ascends towards the central nervous system (CNS). The oronasopharyngeal mucosa is innervated by six major brain nerves, from which the nervus olfactorius and nervus trigeminus supply the nasal mucosa. The rostral parts of the nasal cavity are innervated only by the nervus trigeminus, whereas the olfactory epithelium in the caudal parts of the nasal cavity contains both olfactory and trigeminal nerve endings [58] . These two routes (olfactory and trigeminal) represent the major ways of viral neuroinvasion toward the CNS used by two neurotropic alphaherpesviruses related to BoHV-1: BoHV-5 and PrV. On the contrary, BoHV-1 preferentially uses only the trigeminal way. Moreover, BoHV-1 neuroinvasion usually does not go further than the first order neuron located in the trigeminal ganglion where the latent infection is established. However BoHV-1 was isolated sporadically from cattle with central nervous system disorders [40, 77, 168] . Some of these isolates were shown to be responsible for acute meningo-encephalitis occurring in adult cattle [40, 168] . These sporadic cases probably reflect individual host susceptibilities to CNS infection rather than BoHV-1 strain modifications giving rise to an increased neuroinvasion and/or neurovirulence. Indeed, there was no evidence for specific BoHV-1 DNA restriction patterns associated to these strains isolated from cattle brains whereas the DNA restriction patterns showed clear differences between BoHV-1 and the neuropathogenic strains belonging to BoHV-5 [40, 132] . But several host factors may account for increased susceptibility to CNS infection by BoHV-1 as suggested by recent data obtained on sporadic cases of encephalitis caused by HSV-1 in humans [26] . For example, infants possessing homozygous deficiencies in STAT1, a key regulator protein of the antiviral pathway induced by interferons (IFN) α and β, were shown to be very susceptible to lethal CNS herpesvirus infection [28, 42] . Otherwise, the apolipoprotein E (Apo E) gene has also been linked to human CNS herpesvirus infections. Three common alleles of Apo E exist in the human population (Apo E2, E3 and E4); among them ApoE4 is less frequent. Infection of transgenic mice expressing the human ApoE4 allele, showed a severe increase of HSV-1 concentration in the brain, compared to wild-type mice, knock-out mice in ApoE genes and transgenic mice expressing the ApoE3 allele [20, 21] . However, there were no significant differences in the viral levels found in peripheral organs. ApoE4 seems to facilitate the entry and/or spread of HSV-1 in the brain much more efficiently than does E3. It can be reasonably postulated that such kinds of allele susceptibility may explain the BoHV-1 neuroinvasion and/or neurovirulence in individual cattle.
Immune response and immune evasion strategies
Following primary infection, non-specific inflammatory and cellular reactions are the first response to BoHV-1 infection. Some of the non-specific mechanisms are constitutive, such as complement activation whereas others, such as IFN, are induced by virus replication (Tab. II). The production of early cytokines leads to the recruitment and activation of different cells such as macrophages, polymorphonuclear neutrophils and large granular lymphocytes (acting as Natural Killer cells in cattle) (Tab. II). These effectors enhance the first antiviral wave by secreting cytokines in the infected epithelium and killing virus infected cells [23, 24] . The non specific activated immune cells are also essential in initiating and regulating the specific immune response to BoHV-1 [5, 34] .
The specific cellular immunity is detected from the 5th day post infection (pi) and reaches a peak at 7-10 days pi. It generally coincides with the recovery of clinical manifestations [5] . Specific T helper lymphocytes mediate the lysis of BoHV-1 infected cells by activating macrophage and NK cells through IFNγ and IL2 secretion, and by recruiting and promoting the proliferation of specific cytotoxic T lymphocytes (Tab. II).
The specific humoral immunity is becoming detectable from day 10 pi. Even if antibodies seem to be less important in the recovery of primary infection, they probably participate in BoHV-1 infection clearance by neutralizing cell free virus particles thus preventing the extracellular spread of infection and by mediating the antibody-dependent cell cytotoxicity. In return the antibody response is of critical importance in preventing secondary infections and limiting the consequences of reactivation [5] . Moreover the passive immunity afforded by colostral antibodies from BoHV-1 immune cows is fully efficacious at protecting the neonate against systemic and lethal disease [123] . Immune evasion strategies: Cattle are able to set up an efficacious immune response following the primary infection with BoHV-1 allowing in most cases recovery from disease and the arrest of virus excretion. Therefore, it is controversial to allocate any role in the BoHV-1 pathogenesis to the several immune evasion mechanisms being described hitherto. Because cattle being infected by BoHV-1 are never able to eliminate the infection and because all the primary BoHV-1 infections are leading to a life-long latent infection, we can speculate that these immune evasion strategies might play a role in facilitating BoHV-1 to establish a persistent infection (Tab. II).
Recent data showed that BICP0 inhibits the transcription of type I IFN [73] . This inhibition of innate antiviral signaling is induced by the degradation of IRF3 (IFN regulatory factor 3), a protein involved in the regulatory complex ensuring transcription of type I IFN [170] . BoHV-1 possesses another evasion strategy to soluble factors of the innate immune response. Conserved in related alphaherpesviruses such as PrV, EHV-1 and HSV-1, this evasion mechanism is mediated by the interaction of gC with the third complement component (C3), the key mediator of complement activation [79] . Another immunomodulatory function conserved in alphaherpesvirus has been identified through the interaction of gG with several chemokines [19, 32] . Both soluble and membrane-anchored forms of BoHV-1 gG function as broad-spectrum chemokine binding proteins.
In order to diminish the detection and the elimination of virus-infected cells by cytotoxic T lymphocytes, BoHV-1 was shown to down-regulate antigen presentation by the class I major histocompatibility complex (MHC class I) [95, 96, 115, 146] . Two independent mechanisms are responsible for down-regulation of MHC class I molecules. UL49.5 by blocking the transporter associated with antigen processing (TAP) [96] and vhs protein (encoded by UL41) [95] act together in this inhibition. But they are not able to completely prevent the immune detection of BoHV-1 infected cells.
The role of BoHV-1 in cattle respiratory disease complex
Cattle respiratory disease complex is a multifactorial disease caused by multiple deleterious management practices, and interactions among viral and bacterial pathogens. Experimental evidence and field observations supported the involvement of BoHV-1 infection in promoting bacterial superinfections leading to severe bronchopneumonia [145] . The modifications induced by BoHV-1 may act at three levels of the physiological responses to pathogens.
-Epithelium damages caused by
BoHV-1 infection reduce the mucosal clearance due to mucous secretion and ciliary activities [198] . 
Latency and reactivation
After primary infection with BoHV-1, cattle become latent carriers. BoHV-1 establishes lifelong latency in sensory neurons of the peripheral nervous system after replication in mucosal epithelium. By analogy to its HSV and PrV alphaherpesvirus homologues, BoHV-1 is thought to penetrate the terminus of the sensitive nerves distributed in the infected epithelium [47] . It is then transported along the microtubules of the axons to reach the neuron body in the nervous ganglion. Although the main site of latency is ganglionic neurons, there is evidence that latency and reactivation occur within germinal centers of pharyngeal tonsils [220] .
As stated above, a well-regulated transcription cascade of alpha, beta and gamma BoHV-1 genes leads to the activation of caspases and p53 resulting in programmed cell death and efficient virion release in permissive cells. The BICP0 IE gene plays a key role in this lytic phase [35, 72] . On the contrary, in latently infected neurons, only the BoHV-1 region containing the latency-related transcript (LRT) is expressed leading to the inhibition of the lytic virus cycle and the induction of an antiapoptotic state of the infected cells (Fig. 1 ) [71] . This observation suggests that DNA sequences in the LR promoter are positively regulated by neural cell type factors. This is evidenced by a different localization of the start site for the LR RNA in lytic infections and latent infection in trigeminal ganglion [16, 78] . A fraction of the BoHV-1 LR transcript is polyadenylated and alternatively spliced in latently infected cells, suggesting that these transcripts are translated in several LR products (LRP). A protein corresponding to the N-terminus of ORF2 in LRT was detected in high amounts during latency by western blotting [78, 86] . Recently, another peptide, designated ORF-E, was shown to be abundantly expressed in trigeminal ganglion of latently infected calves [82] . No role in the latency-reactivation cycle of BoHV-1 has been currently associated to this small ORF.
Different functions have been attributed to the LRT: inhibition of apoptosis [31] , inhibition of the S phase entry [173] and inhibition of BICP0 expression [54] . LRP expression is required for inhibiting apoptosis but protein expression does not seem to be necessary for inhibiting cell growth or BICP0 expression [87] . Several in vivo studies were performed to investigate the role of LRT and LRP during productive and latent infections. The infection of calves with LRT non sense mutants showed a less severe clinical picture and a reduced virus shedding from eyes, tonsils or trigeminal ganglions when compared to the infection with wild-type or the LRT rescued BoHV-1. The LRT mutants were shed at similar rates from the nasal cavity during the primary infection [80, 158] . In latently infected neurons, reduced levels of viral DNA were detected [81] but higher levels of apoptosis occurred in trigeminal ganglion at the end of the acute infection [118] . The BoHV-1 LRT mutants were not re-excreted following a reactivation treatment with dexamethasone, which induced reactivation and re-excretion in all calves infected by either wild-type or LRT rescued virus [81] . Moreover a chimeric HSV-1 mutant where the BoHV-1 LR gene replaces the deleted Latency Associated Transcript locus of HSV-1 presents a high level of spontaneous reactivation in the rabbit eye model [159] . Altogether, these results indicate that the LR gene is required for the BoHV-1 latency-reactivation cycle. It is obviously demonstrated that the LR gene protects neurons from cell death during establishment of latency. The cell death inhibition would also be necessary to maintain the latency by keeping alive the latently infected neurons. No mechanism currently explains the role of the LR gene in the reactivation and/or the re-excretion of BoHV-1.
By analogy to observations obtained in HSV latency and reactivation, the immune system is believed to play a role in the regulation of the BoHV-1 latency-reactivation cycle. In a HSV latency mice model, cytotoxic T lymphocytes producing IFN-γ were shown to be able to prevent reactivation from latency in sensory neurons [116] . Another study concluded that IFN-α and -γ act as control factors of recurrent herpetic lesions [133] . However, no data presently support the involvement of any viral protein in the regulation of the immune response during latency.
Reactivation from latency can occur after natural stimulus exposure [193, 194] or corticosteroid treatment [185] culminating in recurrent virus transmission to uninfected animals generally without clinical signs. Once reactivated in the neurons of the trigeminal ganglion, BoHV-1 initiates a new replication cycle. Dexamethasone induced reactivation performed on latently infected rabbits showed that only a small proportion of latently infected neurons underwent successful reactivation and that viral DNA specific of the productive BoHV-1 infection was detected as early as 18 hours post treatment [167] . Progeny viruses are thought to reach the primary site of entry through the axonal pathway. At the level of this mucosal epithelium, virus amplification will or will not give rise to BoHV-1 re-excretion. Two factors were shown to influence the virus re-excretion: the preimmune status and the progeny virus phenotype. (i) The primary immune response acquired following a BoHV-1 natural exposure or a vaccination scheme is able to successfully control the re-excretion of any latent carrier. The secondary immune response boosted by successive reactivation stimulus is also effective at inhibiting virus re-excretion [155] . Therefore, reactivation stimulus occurring in the first two months following the primary infection is not expected to give rise to virus reexcretion. Moreover, animals having the highest titres of BoHV-1 neutralizing antibodies before the reactivation will not re-excrete any virus following an efficacious reactivation treatment [13] . (ii) The progeny virus phenotype has an influence on the ability for a virus to be re-excreted or not. Recent experiments demonstrated that a BoHV-1 gC-gE-null mutant established latency but was not re-excreted following a reactivation treatment [143] . Otherwise, several gE-null BoHV-1 recombinants issued from virulent BoHV-1 were re-excreted. But in comparison with the calves infected by wild-type BoHV-1 a lower proportion of calves infected with the gE-null virus re-excreted and a temporal delay of three days was observed in the period of re-excretion. This result indicates that the progeny virus phenotype may influence the BoHV-1 re-excretion properties [143] . However and on the contrary to what is observed in the related HSV-1, a thymidine kinase deficient mutant of BoHV-1 is re-excreted from latency following reactivation treatment [217] .
CLINICAL SIGNS
The severity of the disease caused by BoHV-1 is influenced by several factors such as the virulence of the BoHV-1 strain [88] , resistance factors of the host, especially the age, and potential concurrent bacterial infection.
Subclinical BoHV-1 infections are common. Several BoHV-1 strains display a poor ability to induce clinical signs and were classified as weakly virulent strains in a comparative virulence experiment [88] . Otherwise, these discrete clinical pictures can also be explained by the primary infection of passively immune calves in countries where BoHV-1 is endemic. Indeed, colostral immunity is known to protect efficiently infected animals from clinical signs [105, 123] .
Following the intranasal inoculation of seronegative calves, high fever is measured for 4 to 5 days (peak at 41
• C) and may be accompanied by apathy and anorexia. Adult dairy cows show a significant milk drop during that period [67, 208] . After 2 to 3 days of incubation, respiratory and ocular signs are observed. They are consistent with the inflammatory response and the epithelium damages caused by BoHV-1 at primary replication sites. They consist of red appearance of nasal mucosa, serous to mucopurulent nasal discharge, and in severe cases heavy breathing at inspiration (tracheal stridor caused by necrotic debris in the tracheal lumen) and cough. An endoscopy examination revealed a red appearance of pharyngeal and tracheal mucosal epithelia and the presence of several necrotic foci recovered with dead mucosal epithelial cells embedded in fibrinous exudate [143] . Ocular signs such as conjunctivitis and mucopurulent ocular shedding are not uncommon.
Abortion is a consequence of a respiratory BoHV-1 infection of a seronegative cow. Naturally occurring BoHV-1 abortions are usually observed at 4 to 8 months of gestation although experimental virus parenteral inoculation of heifers prior to 3 months induce embryonic death [30, 135] . Using the systemic spread by viremia, BoHV-1 must cross the maternalfetal barrier to produce lethal infection of the fetus [30, 154] . The route of BoHV-1 from the placenta to the fetus is unknown but since viral lesions are consistently observed in the fetal liver, haematogenous spread occurs most likely via the umbilical vein. The incubation period between inoculation with BoHV-1 and abortion is 15 to 64 days. Although the lesions are observed both in the placenta and in several fetal organs, it was suggested that placental degeneration would be secondary to the fetal death induced by BoHV-1 [141] . As stated above only BoHV-1.1 and BoHV-1.2a strains have been so far associated with abortigenic potential [137, 156] .
Neonatal calves may experience multisystemic infection following congenital infection prior to birth or early postnatal BoHV-1 infection [18, 75, 88, 123] . Colostrum-deprived calves are especially at risk [123] . Excessive salivation and diarrhea are consecutive to BoHV-1 replication in the epithelium of digestive organs that are not common targets for BoHV-1. Several lesions are observed in the digestive tract such as glossitis, esophagitis and acute necrotizing rumenitis. The outcome is fatal within four to five days; calves die in a moribund state.
The BoHV-1 genital form is usually transmitted at mating. The names given to the diseases affecting the cow (infectious pustular vulvovaginitis, IPV) and the bull (infectious pustular balanoposthitis, IPB) describe clearly the clinical pictures observed following the primary infection. Although the infection is restricted to the genital organs, more severe infection leading to orchitis in the bull and endometritis in the cow have occasionally been reported [59].
EPIDEMIOLOGY
BoHV-1 is a worldwide disseminated pathogen displaying significant differences in regional incidence and prevalence with regards to the geographical positions and the breeding managements of the considered regions [2] .
Based on serological surveys, several studies have been aimed at identifying the risk factors for BoHV-1 seropositivity. Some of them are well characterized such as the following: age, sex (males are more frequently positive than females) and herd size [10, 189] . Direct animal contact, such as purchase of cattle and participation in cattle shows were also found to be important risk factors for the introduction of BoHV-1 [209] [210] [211] . Other factors such as farm density or cattle density may increase the risk of BoHV-1 introduction [214] .
As reported for other diseases caused by herpesviruses in man and animals the latency reactivation cycle has a deep epidemiological impact since it is responsible for the maintenance of BoHV-1 in a cattle population. BoHV-1 infection of new generation cattle by latent carriers submitted to reactivation stimulus may occur at several occasions as for example at birth [193] , mating, during transport [194] or following the introduction of heifers into the group of dairy cows. Therefore the detection of BoHV-1 latent carriers is a concern in the setting up of a BoHV-1 control program.
The identification of latently infected animals is commonly based on the detection of BoHV-1-specific antibodies. However, passively acquired colostral immunity may interfere with an active antibody response following infection [15, 104] . As a consequence one seronegative BoHV-1 latent carrier (SNLC) was obtained 7 months after experimental infection of passively immunized calves with a virulent BoHV-1 [105] . It is therefore imperative to develop other diagnostic tests that can detect such latently infected animals. The direct PCR identification of BoHV-1 from tonsil samples would be a useful alternative [220] .
Another concern in BoHV-1 eradication schemes rose from the capacity for BoHV-1 to cross the species barrier. Field data and experimental infections have brought evidence of possible infections of several ruminant species with BoHV-1. But there is no indication so far that non cattle ruminant species could play a role of alternative reservoir of BoHV-1. In the natural situation BoHV-1 was detected in acutely and latently infected sheep. However sheep do not play a major role in the transmission of BoHV-1 to cattle [66] . Successful BoHV-1 infections were experimentally obtained in sheep and goats. Red deer exhibit a limited susceptibility to BoHV-1 [197] . Otherwise the experimental host range of BoHV-1 is rather narrow. Rabbits can be infected via the intraconjunctival or the intranasal route [129] . Mice are not susceptible to the infection. Fully susceptible mice to BoHV-1 infection were obtained by introducing combined genetic deficiencies in the ability to produce IFN-α/β receptor or IFN-γ receptor in a genetic background unable to produce mature B and T lymphocytes [1] .
VACCINATION AND CONTROL
The aims in controlling BoHV-1 infection have evolved along the past decades from an easily obtained reduction of the clinical impact towards a more difficult prevention of virus transmission. BoHV-1 vaccines are sorted into four categories: modified live, inert (inactivated and subunit), DNA and vector based vaccines. Vaccination against BoHV-1 was recently reviewed in an exhaustive way [206] . Therefore we prefer to focus on some of the challenges that were either successfully achieved or not yet resolved.
The DIVA strategy (aiming at differentiating infected from vaccinated animals)
Several European countries have initiated control programs aimed at BoHV-1 eradication and based on the use of marker vaccines deleted in the gE gene. These marker vaccines, either inactivated or live attenuated, used together with a serological detection of gE-specific antibodies, allow discriminating infected from vaccinated animals [100, 212] . This capacity of differentiation is critical for trading restriction. The efficacy of the DIVA (differentiation of infected from vaccinated animals) vaccines was demonstrated in two field trials. In the first trial, a significant decrease of the number of gE seroconversion was observed in herds where the gE deleted vaccines were used [122] . The second study demonstrated that repeated vaccination protocols using either inactivated or live attenuated gE deleted BoHV-1 vaccines are efficacious at reducing the incidence of gE seroconversion in dairy cattle and consequently the herd prevalence of gE positive animals [39] . This study pointed out the increased efficacy of the repeated vaccination at regular six month intervals at the herd level in comparison with punctual vaccination of some part of the herds [39] . Even if the DIVA strategy was demonstrated to be efficacious, it presents some weaknesses [9] . Indeed the strength of the tool is fully dependent on the capacity of the diagnostic test at detecting BoHV-1 gE specific antibody. But the sensitivity of the only available gE specific ELISA is around 70% [97, 160] . This rather low level of sensitivity is responsible for 30% false negative answers at individual tests but it remains sufficient to guarantee a high sensitivity at the level of infected herds. The second disadvantage of this test is due to the weak level of the immune response raised against BoHV-1 gE. Consequently the time window for the ability of this test to detect gE antibodies can be delayed for up to 42 days [9] . Finally, one can also mention two biosafety concerns about the live attenuated gE deleted vaccine. First gE null BoHV-1 was demonstrated to establish a latent infection [106, 207] and to be re-excreted both under experimental stimulus [106, 182] and in field conditions [38] . However there is so far no indication for a possible perpetuation of this deletion mutant in the cattle population [121] . A second concern is the potential rise of BoHV-1 recombinants issued from coinfection situations involving a replicative gE deleted BoHV-1 and a virulent field BoHV-1 strain [195, 196] . One field observation and two experimental data underlie this concern: (i) the isolation of a gE deleted BoHV-1 vaccine strain in cows vaccinated eight months before [38] ; (ii) the frequent rise of BoHV-1 recombinants in coinfected calves [182] and (iii) the isolation of a virulent gE deleted BoHV-1 recombinant under experimental conditions [142, 143] .
The holy grail in BoHV-1 vaccines: the virological protection
Most vaccines are very efficacious at preventing the clinical signs after the challenge with highly virulent strains. But no one is able to fully prevent the infection by that challenge strain, which establishes a latent infection, and might be reexcreted under reactivation stimulus. New vaccine formulations and protocols were therefore developed in order to improve the impairment of BoHV-1 excretion and re-excretion. Equivocal results have been obtained when the two forms (inactivated and live attenuated) of the same marker vaccine were tested. When it was administrated two times to seronegative cattle, the attenuated marker vaccine induced a better virological protection than the inactivated marker vaccines after challenge [11] . However, the inactivated vaccine was more efficacious at reducing virus excretion after reactivation of latently infected calves than the live attenuated one [12] . An interesting approach consisted in combining the attenuated vaccine as priming injection and the inactivated vaccine as boost injection to complete the primary vaccination. This kind of protocol was shown to be the most efficacious at reducing the virus excretion following challenge [90] .
As stated above, the immune status of a BoHV-1 latent carrier is the key factor controlling the virus re-excretion under reactivation stimulus. Therefore the vaccination of latent carriers must be carefully addressed by repeated vaccination schemes at regular six month intervals in order to decrease to a maximum the risk of reexcretion [39] .
New trends in BoHV-1 vaccines
Several studies were conducted and are still in progress to set up new generation vaccines. Ideal vaccines would combine the safety and efficacy issues. Several subunit vaccines were tested. They consist mainly of glycoproteins B, C or D expressed in different systems such as transfected cell cultures [204] , recombinant baculoviruses [203] , recombinant adenoviruses [60, 62, 163, 226] , or recombinant tobacco mosaïc virus [157] . The gD based subunit vaccines are the most efficacious at reducing clinical disease and virus excretion when they are formulated with effective adjuvants. For example, chitosans [61] and CpG oligodeoxynucleotide [83, 149] are new adjuvants that significantly enhance the protective immune response as evidenced by increased neutralizing antibody titers and reduced clinical diseases and viral shedding following challenge.
The latest vaccine approaches consist of plasmid DNA vaccines containing sequences encoding for the three major immunodominant BoHV-1 glycoproteins gC [64] , gB [117] or gD [153, 199, 200] . These constructs raised the putative vaccination of cattle by needle free delivery methods which would be advantageous to avoid losses due to tissue damage encountered by classical vaccine delivery methods [83, 206] .
CONCLUSIONS
As a member of the Herpesviridae family BoHV-1 most likely co-evolved for a long time period with its host species. The large gene content enables BoHV-1 to complete a well regulated virus cycle and to infect neuronal cells where it can establish a latent infection. As a consequence BoHV-1 is a well adapted virus in its bovine host. It is also prevalent all over the world. Under particular breeding circumstances and in cases of introduction of BoHV-1 in a naïve herd, BoHV-1 is the causative agent of a severe and highly contagious respiratory disease, infectious bovine rhinotracheitis. Abortion and fatal systemic diseases in neonates are the most severe consequences of respiratory infections with virulent strains. The BoHV-1 vaccines are effective at reducing the clinical impact of BoHV-1 infection. However no vaccine is able to prevent the infection and the establishment of latency by challenge and field strains. Therefore the programs aiming at BoHV-1 eradication are using the DIVA strategy. Synergistic medical and sanitary measures are needed to control the epidemiological risk due to the presence of BoHV-1 latent carriers. The goal of the vaccination is to prevent their capacity to re-excrete BoHV-1 by repeated vaccination. When the prevalence of latent carriers is low, it is safer to cull them. The detection of BoHV-1 latently infected animals has to be improved in this context. Moreover, sanitary measures must be taken to prevent the introduction of BoHV-1 seropositive animals or even animals originating from a seropositive herd in order to improve the efficacy of control programs.
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